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The biofilm matrix contributes to the chemistry, structure, and function of biofilms. Biofilm-derived mem-
brane vesicles (MVs) and DNA, both matrix components, demonstrated concentration-, pH-, and cation-
dependent interactions. Furthermore, MV-DNA association influenced MV surface properties. This bears
consequences for the reactivity and availability for interaction of matrix polymers and other constituents.

The biofilm matrix contributes to the chemistry, structure,
and function of biofilms and is crucial for the development of
fundamental biofilm properties (46, 47). Early studies defined
polysaccharides as the matrix component, but proteins, lipids,
and nucleic acids are all now acknowledged as important con-
tributors (7, 15). Indeed, DNA has emerged as a vital partici-
pant, fulfilling structural and functional roles (1, 5, 6, 19, 31, 34,
36, 41, 43, 44). The phosphodiester bond of DNA renders this
polyanionic at a physiological pH, undoubtedly contributing to
interactions with cations, humic substances, fine-dispersed
minerals, and matrix entities (25, 41, 49).

In addition to particulates such as flagella and pili, mem-
brane vesicles (MVs) are also found within the matrices of
gram-negative and mixed biofilms (3, 16, 40). MVs are multi-
functional bilayered structures that bleb from the outer mem-
branes of gram-negative bacteria (reviewed in references 4, 24,
27, 28, and 30) and are chemically heterogeneous, combining
the known chemistries of the biofilm matrix. Examination of
biofilm samples by transmission electron microscopy (TEM)
has suggested that matrix material interacts with MVs (Fig. 1).
Since MVs produced in planktonic culture have associated
DNA (11, 12, 13, 20, 21, 30, 39, 48), could biofilm-derived MVs
incorporate DNA (1, 39, 40, 44)?

MATERIALS AND METHODS

Biofilm growth and isolation and purification of matrix and MVs. Pseudomo-
nas aeruginosa PAO1 and green fluorescent protein-tagged PAO1 (17) biofilms
were grown using the agar plate model (40). Matrix was isolated (40) and
sequentially filtered through 0.22-, 0.45-, and 1.2-um cellulose acetate filters and
the filtrate collected. Absence of cells was confirmed by plating 100-w.l aliquots
(18 h at 37°C; trypticase soy agar; n = 3) and TEM of whole-mount preparations
(see below). Matrix for characterization was dialyzed (24 h at 4°C; Spectrapor
regenerated cellulose dialysis membranes [molecular mass cutoff, 3,000 Da];
Fisher). Particulate components were harvested by ultracentrifugation
(125,000 X g for 1.5 h at 5°C; Beckman Ti45 rotor), the pellets resuspended in
30% (volivol) Optiprep (Sigma), and the components separated on Optiprep
density gradients (2) at 0% (1 ml), 18% (1 ml), 20% (1 ml), 22.5% (3 ml), 25%
(3 ml), 27.5% (3 ml), 30% (3 ml), and 50% (1 ml) (vol/vol). All Optiprep
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solutions contained 10 mM HEPES, 0.85% (wt/vol) NaCl (pH 7.4). Samples
were centrifuged to equilibrium (100,000 X g for 16 h at 5°C; Beckman SW28.1
rotor) and fractionated (200-pl aliquots) and whole mounts assessed by TEM
(see below). MV-containing fractions were combined, washed twice in water
(125,000 X g for 1.5 h at 5°C; Beckman Ti45 rotor), resuspended in water, and
frozen.

Quantitative and biochemical characterization. Dry samples were obtained by
freeze drying.

Protein was quantified using a micro-bicinchoninic acid protein assay kit
(Pierce Bioassay; n = 3).

DNA was quantified by a modified PicoGreen assay (Molecular Probes, In-
vitrogen) (23); 1:100 GES (5 M guanidinium thiocyanate, 100 mM EDTA, 0.5%
[vol/vol] Sarkosyl) yielded optimal results. Independent samples were assayed
using a Spex fluorescence spectrophotometer (excitation N, 480 nm; emission \,
523 nm); the slit widths were 4 and 8 nm, respectively. MVs were treated with
DNase I (Roche) to degrade externally associated DNA which was susceptible,
establishing internal/external DNA content (12, 13, 20, 23, 39). Fifty micrograms
of MV protein (10 ml 50 mM HEPES buffer, pH 6.8, 10 mM MgCl,) was
digested with 400 p.g DNase - ml~! (2 h at 37°C and 125 rpm), and MVs were
harvested by ultracentrifugation. TEM and sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis indicated no gross changes (data not shown). Hence-
forth, DNase-treated MVs are referred to as “DNase-treated MVs” and un-
treated MVs as “native MVs.”

Zeta potential analysis. The relative surface charges of MVs were estimated
using a Zetasizer Nano ZS particle analyzer (Malvern Scientific). The micro-
electrophoresis cell was filled with 8 p.g of MV protein - ml~! HEPES buffer (10,
50, or 100 mM; 4.4 to 9.8 pH units). A voltage difference of 150 V was applied
across the chamber. Five readings were done on each of three independent
samples.

Titration analysis. Available surface ligands were estimated by titration anal-
ysis (37). Three independent wet samples, each equivalent to 40 mg (dry weight),
were titrated.

Isolation of DNA. Three grams of biofilm (wet weight) was resuspended in 40
ml of lysis buffer (10 mM Tris, 10 mM EDTA, 2% sodium dodecyl sulfate, 150
mM NaCl), an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1,
vol/vol/vol) was added, and the phases were mixed gently (10 min) and then
centrifuged (12,000 X g for 20 min) (32, 38, 45). A 1/100 volume of 5 M NaCl was
added to the collected upper aqueous phase, extracted with an equal volume of
chloroform-isoamyl alcohol (24:1, vol/vol), and centrifuged and the aqueous
phase collected. Chloroform-isoamyl alcohol extraction was repeated if material
was present at the interface. DNA was precipitated by adding 2 volumes of
ice-cold 100% ethanol, the phases were gently mixed, and DNA was spooled
onto a glass rod and dissolved in and dialyzed against nanopure water (24 h at
4°C; Spectrapor regenerated cellulose dialysis membranes [molecular mass cut-
off, 3,000 Da; Fisher). Solutions having absorbance maximum ratios for nucleic
acids/proteins (A,60/A250) of =1.8 were considered of adequate purity. Concen-
tration was estimated by the PicoGreen assay.

DNA binding studies. MV and exogenous DNA interactions were assessed by
incubating aliquots of MVs and DNA together. Difficulties were encountered
isolating DNA from matrix (see Results and Discussion). Since extracellular
DNA is similar to whole-genome DNA (1), DNA was isolated from biofilms.
MVs were incubated with DNA (1 h at 37°C and 50 rpm) in HEPES buffer (50
mM; pH 5.6, 6.0, 6.4, 6.8, 7.2, or 7.6, adjusted with HCI or NaOH), supplemented
with NaCl (0.1 to 100 mM) or MgCl, (0.1 to 100 mM) where indicated. After
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aeruginosa PAO1 biofilm. During processing, some dehydration occurred, resulting in collapse of matrix material into fibrillate arrangements (black filled
arrows). There is a suggestion of interactions occurring with particulate structures such as MVs (hollow white arrow) and flagella (filled white arrows)
(identified by the appearance and cross-dimension of these highly ordered structures when viewed at high magnification), which was consistently observed
with other embedded samples and also with whole-mount preparations of gently disrupted biofilms (data not shown). The scale bar represents 200 nm.

incubation, samples were harvested by ultracentrifugation (see above) and re-
suspended. Negative controls contained MVs or DNA.

Fluorescence microscopy. Biofilms were carefully excised and stained with
the DNA indicator dye 7-hydroxy-9H-(1,3-dichloro-9,9-dimethylacridin-2-one)
(DDAO [1]; 1 mM solution in tetrahydrofuran, diluted 1:1,000 in 50 mM HEPES
buffer, pH 7.0, for 15 min; Molecular Probes, Invitrogen). All images were
collected using a Leica TCS SP2 confocal-scanning-laser microscope (Leica)
equipped with Ar-Kr 488-nm and He-Ne 633-nm lasers and a 43X phase contrast
lens. Stained and unstained biofilms were excited (488 and 633 nm, respectively)
and emission data collected (510 and 659 nm, respectively).

TEM. Negatively stained whole mounts were prepared as detailed elsewhere
(40).

Thin-sectioned biofilm samples were prepared by freeze substitution (19). On
completion, the medium was replaced with 100% ethanol (30 min) and two
changes of LR White-ethanol (1:1; London Resin Company) over a period of 45
min and 100% LR-White (30 min). The sample was polymerized in fresh LR
White (60°C for 1 h), and sections were prepared and poststained with 2%
(wt/vol) uranyl acetate and Reynold’s lead citrate (42).

All samples were examined under standard operating conditions, using a
Philips CM10 TEM (acceleration voltage, 80 kV). Images were archived using
the iTEM program (version 5.0; Soft Imaging Systems).

RESULTS AND DISCUSSION

DNA is associated with MVs isolated from the matrices of
biofilms. The selective dye DDAO established the presence
and locality of matrix DNA in biofilms (Fig. 2) (1). In agree-
ment with reported double-stranded-DNA (dsDNA) contribu-
tions to P. aeruginosa matrix polymers (29, 33, 34), a biochem-
ical assay indicated that 6.1% (wt/wt) of the matrix was dSDNA
(Table 1).

Biofilm MVs (b-MVs) contained 91 = 1 ng DNA/20 pg MV
protein (mean = standard error of the mean [SEM]; n = 180),
much greater than planktonic MVs (p-MVs) (20, 39), possibly

due to higher local concentrations and physical and temporal
proximity (31) or the strikingly different chemistry of b-MVs
(40). b-MV-associated DNA, however, represented a minute
proportion of matrix DNA (Table 1). DNA is notorious for its

4.69 um

FIG. 2. DDAO staining of P. aeruginosa PAO1 biofilm revealed the
presence of extracellular DNA. Areas where the DDAO stain indi-
cated the presence of dsDNA (shown in red) were seen in between
green fluorescent protein-tagged cells (shown in green) within the
biofilm matrix. Note how the stain was not uniform. The presence of
dsDNA was supported by biochemical assays with isolated matrix ma-
terial (Table 1). The scale bar represents 4.69 pm.
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TABLE 1. DNA and its contribution to the matrix and matrix-
derived MVs®

Isolated fraction Dry wt (mg) Amt of DNA (mg) % DNA/dry wt
Matrix 56.6 £ 11.1 3.46 = 0.52 6.11
MV 245 +39 0.012 = 0.002 0.05

“ MV DNA represents 0.35% (wt/wt) of the matrix DNA. Dry weight values
are averages = standard deviations of results from three independent samples.
DNA values are averages *+ standard errors of the means of results from three
independent samples assayed in triplicate (n = 180).

fragility; our values reflect the DNA remaining associated after
isolation. Attempted DNA isolation from matrix yielded no
matter, suggesting that the DNA was sheared or short
stranded; anecdotally, the matrix was more viscous prior to
filtering.

DNA is associated with the lumen and external face of MVs.
p-MVs have DNA associated with their lumen, external sur-
face, or both (11, 12, 13, 39). Mechanisms for this have been
described (12, 13, 20, 39). The distribution is relevant: location
and arrangement affect availability and interactions. Forty-one
percent of b-MV DNA was located at their outer surfaces
(PAO1 p-MVs; 25%) (39). The lumen contained 54 = <1 ng
DNA/20 wg MV protein (mean = SEM; n = 180), greater than
the level reported for p-MVs (39), supporting b-MVs as dis-
tinct from p-MVs (40).

Exogenous DNA interacts and associates with MVs. b-MVs
were incubated with DNA at the ratio at which these occurred
within the matrix. In agreement with the DNA-retaining prop-
erties of p-MVs (11, 12, 21, 39), b-MVs showed a substantial
increase in associated DNA (281 = <1 ng DNA/20 pg MV
protein [mean = SEM; n = 60]). DNase-treated MVs showed
a propensity similar to that for native MVs (269 = 1 ng
DNA/20 g MV protein [mean = SEM; n = 60]), suggesting
that, for a given amount of DNA, there is a maximum DNA
load per unit MV protein.

MYV-DNA interaction is dependent upon physical condi-
tions. Microenvironments throughout biofilms mean that di-
verse environmental conditions, such as concentration and pH,
are at play. DNA and MVs were incubated together at differ-
ent ratios; a ratio value of 1 (Fig. 3A, x axis) reflects the relative
amount of DNA to MV protein as it occurred in the matrix.
MV protein was kept constant and DNA concentration al-
tered. A very strong positive linear correlation relationship was
found between DNA concentration and DNA association with
MVs (y = 2.2084x + 0.6319; R* = 0.99). Even when the DNA
concentration was increased threefold, the system remained
unsaturated.

pH is another well-established variable within biofilms (8,
17). MVs were incubated with DNA at the same ratio as they
were within the matrix, and pH was altered (Fig. 3B). The
baseline R value of 1 describes the amount of DNA per 20 pg
MV protein. Retained DNA increased from pH 5.6 to pH 6.4
and dropped at pH 6.8, reaching a maximum at pH 7.6. Dep-
rotonation of the main surface groups increases with pH (car-
boxyl > phosphate > amine). As available carboxyl groups
interact with DNA, diminished electrostatic repulsion pro-
motes further binding. As pH further increases, deprotonation
of phosphate groups (titration of MVs [see below], pH 6.8 to
7.1) renders the surface more negatively charged, repulsing
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MV-DNA interactions. The mechanistics from pH 6.8 to 7.6
are not clear, although it mirrors the lowering of net negative
surface charge (Fig. 4). pH change may also cause reorganiza-
tion of surface components or electrostatic destabilization, ex-
posing previously inaccessible functional groups (9).

The third assessed parameter was the presence of monova-
lent and divalent cations. MVs were incubated with DNA at
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FIG. 3. Assessment of the effect of environmental conditions upon
the interaction between b-MVs and exogenous DNA. MVs were incu-
bated with DNA (see Materials and Methods for details), and the
effects of concentration of DNA (M) (A), altered pH (A) (B), and
concentration of Na* (O) or Mg*" (@) cations, respectively (C), upon
MV-DNA interactions were assessed. Note that for panel A, the ratio
on the x axis is equal to the concentration of the assayed DNA/
concentration of DNA in the matrix. Quantities of DNA (ng)/20 pg
MYV protein for R values of 1 were 116 = 3 (DNA concentration; MVs
only), 86 + 3 (pH; MVs only), 275 = 3 (Na*; MVs plus DNA only),
and 236 = 6 (Mg*>"; MVs plus DNA only) (means =+ standard devia-
tions; n = 60).
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FIG. 4. Relative surface charges of native and DNase-treated MVs.
Suspensions of native MVs (M) or DNase-treated MVs (@; 8 pg of MV
protein - ml~') were assessed by zeta potentiometry. Data for 10 and
100 mM buffer (not shown) yielded the expected concentration-depen-
dent effect whereby an increase in buffer concentration causes a sub-
sequent lessening of the apparent negative surface charge (mean *
SEM; n = 15). A two-tailed Mann-Whitney test was performed using
Analyze-It for Microsoft Excel (version 2.11) and indicated that all
data, with the exception of that collected at pH 6.8, showed highly
significant differences (P < 0.01).

the same ratio as they were within the matrix, and cation
concentration was altered (Fig. 3C). The baseline R value of 1
describes the amount of DNA per 20 pg MV protein following
incubation with DNA. As the Na™ concentration increased,
this increase was accompanied by a concomitant gradual in-
crease in associated MV-DNA. As the concentration of Na™
increases, electrostatic repulsion is reduced, permitting posi-
tively charged surface groups, e.g., amines, to interact more
readily with DNA. The presence of Mg>" ions displayed be-
havior similar to that of Na™ ions; however, the association was
greater (Fig. 3C). Polyvalent cations screen negative charges
more effectively and also facilitate salt bridging of the phos-
phate groups on DNA and negatively charged groups on the
MYV surface.

Collectively, the data indicated that conditions mimicking
variation within biofilm microenvironments altered interac-
tions between particulate components (MVs) and matrix poly-
mers (DNA).

DNA associated with the external face of MVs influences
MY surface properties. Biofilm-derived MVs and DNA inter-
act, but does this alter the apparent surface properties of
MVs? Native and DNase-treated MVs were compared by zeta
potentiometry. DNase-treated MVs were generally less nega-
tively charged (Fig. 4). Readings within the pH range of 5.2 to
7.8, conditions under which phosphate groups deprotonate
(pK,, 6.4 to 7.4) (14) and contribute to surface charge, indi-
cated that native MVs had a more negative charge. Sources for
this phosphate group include lipopolysaccharide and terminal
phosphate groups of DNA; the phosphodiester bond (pK,, ~3
units) of DNA or other exposed molecules accounts for some
of the negative charge at pH values of just over 4 units (Fig. 4).

Titration analysis confirmed the data and yielded informa-
tion on the available surface groups. Differences in the abun-
dance and distribution of ligands of native or DNase-treated
MVs were obvious (Fig. 5). Analysis of the data (Table 2)
showed that DNase-treated MVs had a total ligand concentra-
tion 2.5 times (wt/wt) greater than that of the native MVs, i.e.,
extravesicular DNA interacted with surface groups masking

J. BACTERIOL.

0.35 4
0.3 1
0.25 4
0.2 -
nl n2 n3

0.15

019

uM/mg dry weight

0.05

pH

d3

d2

o
I
a

dil

o

iy a

o N
i L

uM/mg dry weight

0.05

4 45 5 55 6 65 7 75 8 85 9 95 10
pH

FIG. 5. Titration analysis of the available functional groups present
on the native and DNase-treated MVs. pK, spectra for native MVs
(A) and DNase-treated MVs (B) composite plot of three spectra. The
site density (concentration of ligand) is normalized to the dry weight of
the sample used. The arrows (A, nl to n3; B, d1 to d3) indicate the
groups that the data cluster in. Please refer to Table 2 for details of
these.

them. The assignment of functional group identities (Table 2)
(10, 14, 26, 35, 37) revealed increases of ~2.5-fold in the
designated carboxyl and phosphate groups of DNase-treated
MVs but 3.5-fold for amine groups. The data supported that
interactions between MVs and DNA were occurring via both
salt-bridging mechanisms and electrostatic interactions. The
greater increases in the amine groups following DNA digestion
indicated that the latter had a greater impact on binding. The
data also indicated that despite the extremely low-level contri-
bution of DNA to MVs (Table 1), this altered the surface
chemistry and clearly has broad implications in terms of the
functionality and reactivity of MVs.

An additional facet to the MV paradigm. Assessment of
biofilms by TEM has long hinted at a relationship between
particulates and matrix polymers (Fig. 1). MVs, in addition to
their diverse known functionality, are capable of interacting
with matrix polymers. This interaction will be modulated by
regions of variable polymer and MV content within biofilms (1,
18, 40) and qualitative differences in MVs that will intuitively
occur (22). The enmeshment, entanglement, and stiffness of
matrix polymers will be influenced by the locality, chemical
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TABLE 2. Composite titration data for native and
DNase-treated MVs*

Ligand . Mean L Proposed functional
cl%lss” Mean pK, (M/mg [dryth])"’ ’ group

nl 5.48 (4.8-6.0) 0.138 (45) Carboxyl

n2 6.91 (6.8-7.1) 0.098 (32) Phosphate

n3 8.32 (8.2-8.4) 0.070 (23) Amine

d1l 5.18 (4.4-6.1) 0.305 (38.5) Carboxyl

d2 6.90 (6.5-7.2) 0.242 (30.5) Phosphate

d3 7.94 (7.8-9.0) 0.246 (31) Amine

“The total available surface ligand concentrations for native and DNase-
treated MVs were 0.306 and 0.793 wM/mg (dry weight), respectively (DNase/
native ratio of 2.5). A ratiometric comparison of DNase-treated to native MVs
indicated values of 2.2 (d1/nl), 2.5 (d2/n2), and 3.5 (d3/n3). Native MVs con-
tributed 8% (wt/wt) of the total ligand concentration of the matrix material. Data
were obtained from titration analysis of three independent samples.

 Based on pK, clusters in Fig. 5A and B.

¢ Values in parentheses represent ranges for given pK, clusters. Mean pK,
values were estimated using a weighted mean calculation, with the corresponding
available surface ligand concentration as the weighting factor.

@ Ly refers to site density (wM/mg [dry weight]). Values in parentheses rep-
resent the percent contribution of any functional group to the sample’s total
ligand concentration.

composition, and relative quantities of participant particulates
and polymers. MVs are also trafficked out of biofilms (40).
Surfaces may be preconditioned with a DNA-MV complex
altering subsequent interactions, e.g., cell adhesion, and mo-
bile MV-DNA complexes may transfer genetic material be-
tween otherwise immobile cell populations. However, MV-
DNA transfer of genetic information between cells remains
controversial (39). Yet, whether the internalized DNA differs
from that on the MV surface, or even within the matrix, begs
to be asked.

In summary, the matrix is central to the chemistry, structure,
and function of biofilms. Its very nature is defined by the
dynamic interchange between chemical constituents, environ-
mental conditions, and cell members of the consortium. We
must remember that interactions also occur between polymers
and particulates. This work confirms the presence of MV-
associated DNA within biofilms, the association and interac-
tion of b-MVs with matrix components, and the impact of
these processes on interacting moieties. We reemphasize the
matrix as a complex amalgam and not a simple collection of
chemistries. The matrix is a constantly changing entity, in many
ways as responsive and reactive as the cells that it enshrouds.
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